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ABSTRACT

MODIFICATION OF SINGLE WALLED CARBON NANOTUBE THIN
FILMS FOR SUPERCAPACITOR ELECTRODES

Durukan, Mete Batuhan
MSc., Metallurgical and Materials Engineering Department

Supervisor: Assoc. Prof. Dr. Hiisnii Emrah Unalan

September 2017, 94 pages

Electrochemical capacitors, or supercapacitors, attracted a lot of attention in recent
years due to their stability under numerous charge-discharge cycles, high charge
discharge rates, and high power density when compared to batteries and conventional
capacitors. Since their energy density is much lower than batteries, current research on
supercapacitors is focused on improving the energy density through the development

of novel active materials and innovative design of the electrodes.

Carbon nanotubes are promising materials for batteries and supercapacitors with their
unique morphology and electrical properties. They have highly accessible surface area,
efficient electronic transport without scattering and high stability, all of which makes
them suitable candidates as electrode materials for electrochemical capacitors.
Furthermore, their composites in conjunction with pseudocapacitive materials are also

investigated extensively primarily for the electrochemical performance enhancement.



In this work, single walled carbon nanotube (SWNT) thin films are used as
supercapacitor electrodes. Main idea of this thesis is to fabricate nanocomposite
supercapacitors and micro-supercapacitors using cost effective and simple and scalable
routes. In this regard, in the first part, SWNT thin film electrodes are used as current
collectors and decorated with cobalt oxide (Co304) nanoflakes using electrodeposition
and consecutive annealing process. A gravimetric capacitance of 313.9 F.g'!,
corresponding to an areal specific capacitance of 70.5 mF.cm 2 is obtained from the
fabricated electrodes at a scan rate of 1 mV/s. A capacity retention of up to 80%
following 3000 charge/discharge cycles is obtained for the fabricated nanocomposite
electrodes, while morphological evolution of the electrodes was monitored through
high-resolution transmission electron microscopy during cycling. In the second part,
are laser patterned SWNT thin films on glass substrates are used for the fabrication of
micro-supercapacitors. Laser patterning is proposed for the formation of interdigitated
electrodes. A specific capacitance of 3.50 mF.cm™ at a scan rate of 10 mV/s was
obtained from the SWNT buckypaper that was laser ablated to form interdigitated
finger electrodes. A capacity retention up to 97% was attained at an applied current of

3 mA following 1000 charge/discharge cycles.

Keyword: carbon nanotubes, energy storage, supercapacitors, cobalt oxide, micro-

supercapacitors
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SUPERKAPASITOR ELEKTRODLARI iCIN TEK DUVARLI KARBON
NANOTUP INCE FILMLERININ MODiFIKASYONU

Durukan, Mete Batuhan
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi Boliimii

Tez Yéneticisi: Dog. Dr. Hiisnii Emrah Unalan

Eylil 2017, 94 Sayfa

Elektrokimyasal kapasitorler, ve ya siiperkapasitorler, cok sayida sarj-desarj altindaki
stabiliteleri, hizl1 sarj-desarj kapasiteleri ve yiiksek giic yogunluklari nedeni ile son
yillarda piller ve konvansiyonel kapasitorlere gore oldukga ilgi ¢cekmislerdir. Enerji
yogunluklar1 pillerden ¢ok daha diisiik oldugu i¢in siiregelen arastirmalar enerji
yogunlugunun arttiritlmasi i¢in yeni gelistirilen aktif malzemeler ve inovatif elektrot

dizaynina gelistirilmesine yogunlagmistir.

Karbon nanotiipler 6zgiin morfolojileri ve elektriksel o6zellikleri sayesinde hem
bataryalar hem de siiperkapasitorler icin gelecek vaat eden malzemelerdir. Yiiksek
erisilebilir ylizey alani, sagilima ugramayan verimli elektron transferi ve yiiksek
stabilitesi KNT’lerin elektrokimyasal kapasitor uygulamalar1 i¢in olduk¢a uygun
adaylar olarak kilmaktadir. Ustelik, psddokapasitif malzemeler ile birlikte
nanokompozit haline getirilen KNT ler gelismis elektrokimyasal performans nedeniyle

derinlemesine arastirilmaktadir.
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Bu calismada, tek duvarli karbon nanotiip bazli siiperkapasitdr ince filmler
stiperkapasitor elektrotlari olarak kullanilmiglardir. Bu tezin asil amacit uygun maliyetli
ve seri tlretim i¢in Olceklendirilebilecek basit bir yol ile nanokompozit
siiperkapasitorlerin ve mikro-siiperkapasitorlerin tretilmesidir. Bu baglamda, ilk
parcada, KNT ince filmleri akim toplayici olarak kullanilmis ve elektrokaplama ve
ardindan gelen tavlama prosesi sayesinde kobalt oksit (Co304) nanopullar1 ile dekore
edilmistir. Uretilen elektrotlarm 1 mV/s tarama hizinda gravimetrik kapasitans1 313.9
F.g ! ve buna es degerde alansal kapasitans1 70.5 mF.cm 2 olarak elde edilmistir. 3000
dongiide, tretilen elektrotlarin korunan kapasitansi %80’e kadar vararken ayni
zamanda yiiksek c¢oziintirliiklii gecirimli elektron mikroskopu kullanilarak morfolojik
degisimler gézlemlenmistir. Ikinci kisimda ise cam iizerinde lazer ile desenlendirilmis
tek duvarli KNT ince filmleri mikro-siiperkapasitor liretmek igin kullanilmistir.
Birbirine ge¢mis yapida elektrotlarin iiretimi i¢in lazer ile desenlendirme onerilmistir.
Lazer ablasyonu ile elde edilen birbirine geg¢mis parmak elektrotlarin spesifik
kapasitans1 10 mV/s tarama hizinda 3.50 mF.cm™ olarak bulunmustur. 3 mA akimda
uygulanan 1000 dongii doldurma-bosaltma sonucunda korunan kapasitans oran1 %97

olarak elde edilmistir

Anahtar Kelimeler: karbon nanotiip, enerji depolama, siiperkapasitor, kobalt oksit,

mikro-siiperkapasitor
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“Pliancy and weakness are expressions of the freshness of being.

Because what has hardened will never win.’

Andrei Tarkovsky, Stalker (1979)

To my family and my dearest friends,
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Electrochemical Capacitors and their Current Status

Early examples of capacitors date back before the invention of batteries in 1800,
Volta’s pile, in which 18™ century researchers relied on Leyden jar for energy storage.
Leyden jar consisted of a silver foil (as the electrodes) coated both inside and outside
of a glass jar, which acted as a dielectric material. Inner silver foil could be charged
with an electrostatic generator, which was allowed by the outer foil being grounded

and could provide an electrical discharge for simple devices back then [1,2]

First patented in 1957, electrochemical capacitors (ECs), also known as
supercapacitors (SCs), have been known for almost 60 years [3]. SCs are based on a
capacitor making use of the high surface area of carbon [3,4]. ECs are attracted much
more attention as potential energy storage devices due to their fast discharge rate, long
cycle life and high power density [5]. Benefiting from these properties, ECs are highly

appealing when slow power uptake and delivery of Li-ion batteries are considered [6].

With modern advances in technology, there are several utilization areas in which the
SCs replaced batteries to complement the need for the increasing power demands of
energy storage systems. One such commercialization example came from Maxwell
Technologies. Their supercapacitors were used in start-stop systems, assisting the
power demand, and short-term backup for powering the sensors of automobiles (used
by General Motors, Lamborghini, Continental AG and PSA) [7]. Moreover, Maxwell
Technologies’ supercapacitor modules (Fig. 1.1) were used in energy grid systems,
which stores excess energy obtained from the solar and wind power systems and excess
energy stored is deployed when the demand is high [8]. Another example is the doors
of Airbus A380. Supercapacitors are used to provide high power output, allowing the

aircraft’s heavy doors to operate independently in a case of emergency [9].



Figure 1.1 Ultracapacitor modules with different specifications from Maxwell

Technologies [10].

There are also buses that operates only with SCs. In 2009, a Chinese company in
conjuction with Volvo, used SCs to power up inner city buses in Shangai (Figure 1.2).
These supercapacitors were made of activated carbon, which had only 5% of the energy
density of the lithium ion batteries. While it needs to be charged in every 3 to 5 miles,

it was reported that the lifetime fuel savings can achieve at least $200,000 [11].

Figure 1.2 A photo of an electric bus that operate only with supercapacitors in Shangai,
China [11].



1.2 Working Principles of ECs

Both batteries and SCs depend on electrochemical processes for storing energy. The
difference between these two devices come from their relative energy and power
densities. Li-ion batteries depend on the intercalation of Li* ions into the bulk of the
electrode, which allows redox reactions to occur in a diffusion-controlled manner,
showing slow charge/discharge rates. On the other hand, energy storage in SCs are
confined to the surface of the electrodes. Thus, these devices have much faster reaction

rates compared to batteries, yet also have much less energy density [12].

Conventional capacitors and SCs rely on the same working principles. Their
classification is done considering their physical states or the dielectric mechanism.
Classification of capacitors can be seen in the chart provided in Figure 1.3. Unlike
batteries, conventional capacitors can also rapidly store and release energy like SCs.

However, what differs is that SCs utilize high surface area electrodes and much

Capacitors
I
| |
Electrochemical Electrolytic Nonelectrolytic
capacitors — Aluminum - Dielectric
— Tantalum — Film i
— Ceramic
— Variable
| Pseudocapacitors Hybrid
EDLC
* ﬁctwat(?d carbon Redox-asymmetric Batter 't
» Aeroge )  PB/PBO. — AC attery/capacitor
« Carbon nanostructures Carbon/metal oxide/ECP o Ni(OH) 2 AC Combinations
« Graphene Composite electrodes R MnOz—zAC
® Graphite/Li - AC
e Li,Ti0,,-AC
Redox polymer Redox metal oxide Soluble redox
. PolyaQ|\|ne * RuO,, Ir0,, RO, .xH,0 . Fe(CN)E"_IFe(CN)Ba_
+ Polythiophene « Co.0
- Polypyrole st VNV
+ MnO,, V,0,, FeO,

Figure 1.3 General classification of capacitors with respect to their physical states or

their dielectric material [1]



thinner dielectrics than conventional capacitors. This allows SCs to possess both higher
capacitance and energy density up to 10,000 times that of a conventional capacitors
[1]. Having more capacitance than conventional capacitors and very rapid energy
storage and release unlike batteries’ slow reaction rates, SCs’ have an exclusive
position between those two. This can be observed with respect to the energy and power

densities in Ragone Plot (Figure 1.4).
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Figure 1.4 Ragone plot comparing SCs to other energy storage systems [6].

Conventional nonelectrolytic capacitors consist of two parallel plate electrodes and a
dielectric material between them (Figure 1.5). Charge is stored electrostatically when
a potential difference is applied; causing migration of the positive and negative charges
towards the surface of the electrodes of opposite polarity. Capacitance of a capacitor is

measured in farads (F) using the equation below:



,where Q is the electric charge on the electrodes and V is the potential difference
between them. In a parallel plate capacitor, capacitance can also be calculated using,
Eo&rA
D

,where & and &r are permittivity of free space and dielectric constant, respectively. A is

the area of the electrodes and D is the distance between the electrodes [1].

Plate Separation Distance

Charge Q* Charge Q~

Electric field E

Plate area A

Dielectric €

Figure 1.5 Schematic representation of a conventional capacitor device [2].

A typical supercapacitor device consist of two electrodes separated either by a separator
wetted with an electrolyte or a solid electrolyte. Solid electrolyte acts both as a
separator and charge carrier. Charge mechanism differs in SCs depending on the
electrode active materials and they are classified as electrochemical double layer
capacitors (EDCLs) and pseudocapacitors (or redox capacitors), which will be
discussed later. They commonly use high surface area electrode materials, which is
primarily active carbon for EDLC’s and metal-oxides for pseudocapacitors. In order to
make use of the whole surface of electrode materials, ion size of the electrolyte should
be coherent with the pore size of the prepared electrodes. If the pore size of the prepared
electrode is smaller than the ion size of the electrolyte, ion adsorption cannot be fully
achieved. This drastically decreases the capacitance of the system. Thus, surface area
of the material and pore size of the electrode for both EDLCs and pseudocapacitors

should be carefully engineered and appropriate electrolytes should be selected to obtain



the highest capacitance. It is also possible to use partial desolvation of ions for the
adsorption of ions through pores that are smaller than 2 nm to increase specific

capacitance [13].

Characteristic properties/performance/parameters for typical capacitors, batteries and

supercapacitors are tabulated and provided in Table 1.1.

Table 1.1 Characteristic properties/performance/parameters for capacitors, batteries

and supercapacitors [1].

Characteristics Capacitor Battery Supercapacitor

Storage Mechanism Electrostatic Chemical Electrostatic for EDCLs

Redox reactions for

pseudocapacitors
Charge Storage Charged plates Entire Electrode/electrolyte
electrode interface
Energy Density <0.1 20-150 1-10
(Whikg)
Power Density >10 000 <1000 500-10 000
(W/kg)
Discharge Time (s) 10° 107 03h-3h Seconds to minutes
Cycle Life >10° >10¢ ~1500

1.2.1 Electrical Double Layer Capacitance (EDLC)

Energy storage in EDLCs are purely dependent on electrostatic charge accumulation at
the surface of the materials, which are typically carbons and their derivatives. Charge
is stored at the electrode/electrolyte interface, making the surface area of the material
and permeability of the electrolyte ions through pores as the main parameters for
capacitance [14]. Carbon materials being very abundant and highly conductive makes

them significant for such energy storage devices.



First model of electrical double layer was suggested by von Helmholtz [15] using a
quasi-2-dimensional system having oppositely charged layers separated by a small
atomic distance. While the original model was first adopted for colloid interfaces, it
was later adapted to the case of electrode interfaces and latter model was further
modified realizing that the ions could be subjected to thermal fluctuation and would
not remain static at the solution side of the double layer [ 16]. The model which is called
“diffuse” double-layer capacitance introduced by Gouy was again not completely true
since the ions were assumed to be point charges. This lead to an incorrect potential
profile at the electrode surface and excessively large potential difference prediction
was defined as the rate of change of net ionic charge on the solution side and change
of metal solution across the interphase. Chapman [17] mathematically combined
diffuse layer model with Boltzmann’s energy distribution equation and Poisson’s
equation to enlarge upon the relation of the distance from the electrode surface with
ionic space charge density in the interphasial region to the second derivative of electric
potential. It should be noted that the mathematical derivation from the combination of
Boltzmann’s energy distribution function and Poissons’s equation is referred as
Poisson-Boltzmann equation. Later on, Stern [18] overcame the Gouy-Chapman’s
overestimation of the double layer capacitance by taking into account of Langmuir’s
adsorption isotherm for inner region of the ion distribution. Moreover, region beyond
the adsorption layer was treated in terms of a diffuse region of distributed ionic charge.
Geometric limit of the adsorption region of ions could also be calculated easily if the
ions were acknowledged as having finite size. With this model, Stern calculated the
overall capacitance by two components; Helmholtz type of double layer having a
capacitance Cy, and a diffuse region of double layer having a capacitance Caisr. Thus,
overall double layer capacitance, Cqi, was calculated as a series relation according to

an equivalent circuit [5];

1 _ 1 4 1
Ca Cy  Cagr




It should be noted that the overall double layer capacitance is governed by the smaller
component of Cy or Cairr[5]. Schematics of Helmholtz, Gouy-Chapman and Stern type

of double layer models can be seen in the following figure, Figure 1.6.

Diffuse layer Stern layer
~—*— Diffuse layer

-8 - E = I@
2. | 3 : 2.1\ 1©
1 = . BN\ o @ &
f-f' 3_ : E-_i_ '%) solvated cation
LB z B o
g_-t_ "ET @ i "é‘?’ anion
51 a T v . z+t®\ey ©
IOYE )

t fto 05 fieor e

T e o ; 419 ©

s} i i AN

' " IHP OHP

(a) (b) (©)

Figure 1.6 Electrical double layer models: (a) Helmholtz model, (b) Gouy-Chapman
model, and (c) Stern model. IHP and OHP refers to the inner Helmholtz plane and outer
Helmholtz plane, respectively. yo and y refers to the potentials at the electrode surface

and the electrode/electrolyte interface, respectively [14].

As mentioned before, carbon derivatives are the main active materials of
commercialized supercapacitors that utilizes EDLC for energy storage. Carbon
derivatives in commercialized supercapacitors are generally in the form of activated
carbon [19], yet other forms and morphologies of carbons have been researched
extensively such as graphenes [20,21], carbon fibers [22—-24], nanotubes [25,26], nano-
onions [27,28], aerogels [29,30] and glassy carbons [31]. Typical properties and
capacitance values of carbons can be seen in Table 1.2. These specific carbon materials
have attracted a lot of attention due to their high conductivity, controllable specific
surface area and pore structure, good corrosion resistance, high temperature stability

and processability [19].



Table 1.2 Different carbon materials and their corresponding specific surface areas and

capacitance values.

Carbon Materials Specific surface area Aqgueous
(m2.g?) Electrolyte (F.g?)
Activated carbons 1000-3500 <200
Functionalized porous carbons 1000-2000 170-220
Carbon nanotubes 120-500 50-100
Carbon cloth 2500 100-200
Carbon aerogel 400-1000 100-125

1.2.2 Pseudocapacitance

As discussed before, double-layer capacitance is relatively low since the charge is only
stored physically on the surface of the carbonaceous materials and manipulation of ion
accessibility and porosity is limited [2]. Instead of EDLC type of materials,
pseudocapacitive materials can store much more charge through electrochemical
reduction-oxidation reactions, also known as redox or faradaic reactions. In fact, the
term “pseudo” has a meaning of being almost, approaching or trying to be in Greek.
Thus, pseudocapacitor means an electrode having similar electrochemical behavior to

EDLC but with different energy storage mechanism [32].

Pseudocapacitive materials store energy with fast, reversible redox reactions at the
surface of the active materials, such as transition metal oxides or conducting polymers.
Reactions start with mass transfer of reactant towards the electrode interface to have
electron transfer at the electrode/electrolyte interface. Afterwards, preceding chemical
reactions take place via adsorption or desorption mechanisms at the surface of the
electrode. Ruthenium oxide (RuO.) [33], iron oxide (Fe3O4) [34], zinc oxide (ZnO)
[35], manganese oxide (MnO>) [36,37], cobalt oxide (Co304) [38,39] and nickel oxide
(NiO) [40] are a few examples of such metal oxides; while polyaniline, polypyrrole

and polythiophene are examples of conductive polymers utilized in SCs [41].



RuO: was the first pseudocapacitive material and it was discovered in 1971. In these
devices charge storage involved storage of protons from electrolyte by faradaic
reactions and electrodes exhibited a capacitor like behavior despite its faradaic nature.
While the first experiments used single crystal RuO;, bulk material only had up to 7%
of Ru*" atoms involved in redox reactions. Further experiments showed substantial
increase in capacitance. Features that was engineered to increase capacity and enable

fast redox reactions included [42];

i Redox behavior of Ru*" cations,

il. Rapid electron transport provided by the metallic conductivity of RuO,,

1il. Presence of structural water that allows proton transport within the inner
surface,

iv. Decreased diffusion distances by obtaining larger outer surface area [42].

While these features were first studied for RuO., they are applicable to any other
pseudocapacitive metal oxide, since similar properties define the capacitive behavior

and energy storage mechanism of those materials.

Conducting polymers (CPs) can also store energy through redox reactions, making
them suitable for supercapacitors as pseudocapacitive materials. CPs typically have
low cost, high conductivity when doped, high voltage window, reversibility and are
environmentally friendly [43]. Depending on the CP and its doped state, energy can be
stored through ion pairing or delocalization of the charge; both requiring ion
intercalation into the polymer chains [2]. Mechanism of doping of CPs can be seen

below;

Cp » Cp"t(A7), +ne”  (p-doping)
Cp +ne” - Cp™ (C*), (n-doping)
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While CPs’ potential window and capacitance is comparable to those of metal oxides,
their swelling and shrinking during redox reactions, (namely intercalating and
deintercalating processes) results in a much faster degradation compared to metal
oxides [43]. Characteristic properties of some of the CPs when utilized as

pseudocapacitor electrodes can be seen in Table 1.3.

Table 1.3 Characteristic properties of some CPs as electrode materials [41].

Conducting Polymer Potential  Conductivity Theoretical

Range (V) (S.cm?) Capacitance (F.g?)

Polyaniline 0.7 0.1-5 750
Polypyrrole 0.8 10-50 620
Poly(3,4-ethylenedioxythiophene) 1.2 300 - 500 210
Polythiophene 0.8 300 - 400 485

In order to overcome the problem of morphological instability of CPs, they are
generally utilized in nanocomposite form, which further increase their conductivity,
capacitance or tune their morphologies to minimize shrinking and swelling during
faradaic reactions. Thus, CPs are coupled with metal oxides, nitrides or ferrites [44—
46], nanowires [47,48], graphene [49,50], carbon nanotubes [51], carbon fibers [52] or
even with other CPs with different morphologies [53,54].

1.3 Electrode Materials

1.3.1 Carbon Materials

1.3.1.1 Activated Carbons

Carbon based materials have been used widely as supercapacitor electrodes because of
their desirable physical and chemical properties on top of their low cost, processability
and controllable porosity. Being the most abundant one, activated carbons (ACs) can

be produced from carbon-rich natural or synthetic precursor materials through
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carbonization in inert atmosphere. ACs are widely used because of its high surface
area, moderate cost and easy fabrication and preparation [1]. Surface area of the ACs
can be tailored up to 2500 m?/g, yet some ACs with smaller surface area can provide

better capacitive behavior up to 100 F.g™! [55,56].

1.3.1.2 Carbon Nanotubes

Carbon nanotubes (CNTs), are one of the carbon derivatives that have a novel structure
with highly accessible surface area, very low resistivity and high electrochemical
stability [57]. Both single walled carbon nanotubes (SWNTs) and multi walled carbon
nanotubes (MWNTs) are studied extensively for supercapacitor devices [29,51,58,59].
SWNTs are wrapped up cylinders of one atom thick graphite (so called graphene)
layers. Depending on the wrapping angle (Figure 1.7) they are classified as armchair,

zigzag and chiral.
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Figure 1.7 Different structures of SWNTs. From left to right, armchair, zigzag and
chiral SWNTs [60].
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Importance of CNTs for supercapacitor application arises from three characteristic

properties,
1. Due to their tubular structures, CNTs have much better percolation than
their other carbon-based counterparts,
ii. Ion diffusivity is much easier especially in composite form because of the
entanglement, creating an open mesoporous network for active materials,
1il. High resilience of CNTs allow better cycling performance in the case of

volumetric changes [57].

1.3.2 Metal Oxides

1.3.2.1 Ruthenium Oxide (RuO32)

As mentioned in 1.1.2, RuO; was first discovered in 1971. RuO> stores energy with
faradaic charge transfer reactions, yet showing capacitor like behavior in CV
measurements. While theoretical specific capacitance of RuO> was found as
1450 Fg'! from below reaction when 8=2, subsequent studies obtained capacitance

values around 700 Fg'! using the structural water [61,62].

Ru0,(OH), + 6H" + e~ < RuO,_s5(0H)y.s

RuO: is one of the best canditate among other transition metal oxides due to its large
potential window up to 1.2 V, which contains three highly reversible oxidation states,
good thermal and chemical stability, good cycling performance and high proton
conductivity. Charge transfer within RuO; is easy because of its quasi-metallic
conductivity [43]. Moreover, hydrated RuO» reported to have better capacitance due to
easier cation diffusion via hopping [63]. Yet, their high cost, possible toxicity to
environment limited its use only to military appliances and prevented its widespread

commercialization.
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1.3.2.2 Manganese Oxide (MnQO3)

First research on pseudocapacitive behaviour of MnO> was conducted in 1999 on
amorphous MnO,.nH>O in aqueous KCl electrolyte, yielding a specific capacitance of
approximately 200 Fg! [64]. Other than RuO>, only MnO, shows a capacitive behavior
close to an ideal EDLC with a rectangular shape of CV among other transition oxides.
Faradaic reactions of MnO> in aqueous electrolytes takes place through transition

between its +4 and +3 oxidation states as shown below [42]:

MnO, + xA* + xe~ & A, MnO,

, where alkali metal cation is represented by A.

Theoretical specific capacitance of MnO> can reach up to 1300 Fg™! in addition to its
abundancy, low cost and low toxicity all of which makes MnO: a good replacement for
RuO;. However, MnO, lacks the electronic conductivity of RuO:> (electronic
conductivity of RuO; is 10* S cm™ while that of MnO; is only 10 S cm™); while
increased crystallinity makes up for the conductivity, it limits the proton exchange,
hence lowering the capacitance [42,65]. Yet, studies on different MnO> structures
reported gravimetric capacitances ranging from 200 to 850 Fg! with aqueous

electrolyte Na;SOg4, proving that MnO» remains as a good replacement choice [66—68].

1.3.2.3 Nickel Oxide (NiO)

With high theoretical specific capacitance reaching up to 2600 Fg!, NiO received
considerable attention as a supercapacitor electrode material [69]. It is considered to be
an alternative electrode material in alkaline electrolytes for RuO, especially for its ease
of synthesis and low cost. Energy is stored in NiO via faradaic reaction in a KOH

electrolyte via the following reaction:

NiO + OH™ & NiOOH™ + e~
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In spite of its high theoretical specific capacitance, problems such as poor cycle
performance and high resistivity prevents supercapacitors based on NiO to obtain
similar capacitance values [43]. To solve these problems, generally composites such as
Co-Ni/Co-Ni oxides [70] or C0304-MnO>-NiO ternary composite nanotubes [71] with
highly porous mrphologies are formed.

1.3.2.4 Cobalt Oxide (C0304)

Oxides with spinel crystal structure offers three dimensional diffusion pathways. Being
one of them, Co304 offers good supercapacitive behavior due to its intercalative
pseudocapacitance provided by its unique structure on top of its large surface area, high
conductivity, long term performance, environmentally friendliness, and good corrosion
stability [43,72]. Co3O4 belongs to Fd3m space group, having cobalt ions with two
different oxidation states, Co’" and Co**, located at the interstitial tetrahedral and
octahedral sites, respectively [73]. Representative structure of Co3Os can be seen in

Figure 1.8.

Figure 1.8 Cobalt oxide unit cell (left) and primitive cell (right), respectively [73].

15



Pseudocapacitance of Co3O4 in aqueous electrolyes originates from the faradaic

reaction below [43],

€030, + H,0 + OH™ & 3Co00H + e~

while its battery like properties due to Li" intercalation arises from below reaction [74],

Co30, + 8Li © 4Li0, + 3Co

Even though Co304 shows a battery like behaviour, some studies have reported specific
capacitances up to 700-800 Fg'! [75,76], showing that Co3Os is still a good candidate
for EC electrodes.

1.4 Electrolytes

Capacitive behavior of the SCs are heavily depend on the electrolytes, depending on
their ion size, ionic conductivity, voltage window and stability. Ion size of the
electrolyte affects the performance directly depending of the ion accessibility through
pores. lonic conductivity is important for the overall internal resistance and charge
transfer resistance of the supercapacitor devices. Moreover, energy and power densities
of the SCs also depend on the voltage window of the electrolyte. While all of the
aforementioned factors are very important for the commercialization of
supercapacitors, their flammability, volatility and corrosion potential should also be
low. Relationship between the electrolytes and their effect on the performance of

supercapacitors can be seen in Figure 1.9.
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Electrolytes can be grouped into five different categories, which are aqueous, organic,

ionic liquid based, solid-state, and redox active electrolytes.

Ion size
*  Matching
between pore
size and ion size

Electrochemical
stability
Concentration

Figure 1.9 Sketch showing the relationship between electrolytes and their effect on

electrochemical supercapacitors [77].

1.4.1 Aqueous Electrolytes

High ionic mobility and conductivity with low hazard levels are the main factors of
preference for aqueous electrolytes especially in novel materials for supercapacitors.
Yet, for commercial electrochemical supercapacitors, aqueous electrolytes are not
preferred due to their low voltage window and leakage problem. Still, most of the
research on supercapacitors are conducted using aqueous electrolytes, mainly due to
their availability and low cost. Moreover, they do not need any special laboratory

conditions such as moisture and oxygen level control; thus, can be used easily [77].
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Acid, alkaline and neutral solutions are three subgroups that can be classified for
aqueous electrolytes such as sulfuric acid (H2SOs), potassium hydroxide (KOH) and
sodium sulfate (Na2SOs), respectively. With 0.8 S.cm™ ionic conductivity, H2SO4
exhibits much higher conductivity than organic or ionic liquid based electrolytes,
resulting in a better equivalent series resistance (ESR) when utilized in SCs. However,
possible hydrogen evolution at 0 V and oxygen evolution at 1.23 V (vs. standard
hydrogen electrode (SHE)) restricts the use of aqueous electrolyte and shows possible
threat to safety and performance decrease. For safety, potential window of aqueous

electrolytes is limited to 1 V [77].

1.4.2 Organic Electrolytes

Organic electrolytes are generally preferred for commercial use because of their large
potential window up to 2.8 V, which allows higher energy and power densities
compared to aqueous electrolytes. Moreover, due to their low corrosivity, organic
electrolytes allow cheaper materials to be used as substrates or current collectors in
fabricated cells. Typical organic electrolytes include conducting salts such as
tetracthylammonium tetrafluoroborate (TEABF), lithium perchlorate (LiClO4) and
lithium hexafluorophosphate (LiPFs) dissolved in organic solvents such as acetonitrile

or propylene carbonate (PC) [77].

While they are used widely within the products in the market, organic electrolytes have
low ionic conductivity, high cost, possible flammability, volatility and toxicity. In
addition, they require purification and controlled environment for the cell assembly.

Furthermore, they result in lower specific capacitance.

1.4.3 lonic Liquid Electrolytes

Composed of only ions of salts, ionic liquids (IL) are low temperature molten salts with

melting points under 100 °C. ILs recently received extensive attention due to their high
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ionic conductivity, high thermal, chemical and electrochemical stability and low
volatility and flammability depending on the chosen cation and anion combination.
Most important aspect of the ILs is that they can be engineered to meet conditions such
as operating cell voltage, working temperature, ESR and electrochemical performance
regarding to ion — electrode reactions by customizing the electrolyte composition.
Typical cations for ILs are pyrrolidinium, ammonium and imidazolium while anions

are tetrafluoroborate, hexafluorophosphate and dicyanamide [77].

ILs are reported to have a voltage window above 3 V, and even further up to 3.7 V if
pyrrolidinium is used. Imidazolium based-ILs have low viscosity and high
conductivity, thus in general imidazolium based ILs display higher power densities in
SCs [78]. However, they are not sutable for room temperature use and are expensive.

Thus the widespread use of Ils in SCs are limited.

1.4.4 Solid-State Electrolytes

Solid state electrolytes act as both ionic conductors and electrode seperators; realizing
the growing demand for portable and flexible electronic devices. Solid-state
electrolytes offer simple packaging and fabrication of supercapacitor devices as the
fabricated device offers a liquid-leakage free design. Polymer-based solid electrolytes
can be divided into two subgroups which are solid polymer electrolytes and gel
polymer electrolytes (which is also called quasi-solid-state electrolyte due to presence
of liquid phase). Solid-state electrolytes include polymer matrix such as poly(ethylene
oxide) (PEO) and salt as lithium chlorde (LiCl), while gel polymer electrolytes include
a polymer host such as polyvinylalcohol (PVA) and an aqueous electrolyte such as
H>SO4. While gel polymer electrolytes have the advantage of having higher ionic
conductivity than solid-states, they lack the mechanical strength and operating

temperatures offered by solid-state electrolytes [77].
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1.4.5 Redox-Active Electrolytes

Redox-active electrolytes induce pseudocapacitive behaviour to increase the
capacitance of SCs through their own Faradaic reactions. These electrolytes generally
consist of iodide species such as potassium iodide (KI). Although the use of
redox-electrolytes is a simple and economic mean to obtain higher capacitance, there
are still issues yet to be resolved. These include irreversibility of some redox species

and migration of redox species between electrodes [79].

1.5 Electrochemical Measurements

1.5.1 Electrochemical Cell Desing

For electrochemical characterization of SCs, two electrochemical cell designs are
present, namely three-electrode cell and two-electrode cell. Depending on the cell
design, electrochemical measurements show different behaviour and accordingly the

related calculations differ.

Three-electrode setup consist of a working electrode that is to be tested, a counter
electrode, which is made from carbon such as a graphite rod or stable metals such as
gold (Au) or platinum (Pt) and a reference electrode such as standard hydrogen
electrode (SHE), saturated calomel electrode (SCE), and Ag/AgCl electrode in
saturated potassium chloride (KCl). Purpose of three-electrode cell design is to obtain
electrochemical information only on the working electrode. While the electrochemical
measurement obtained from this setup does not represent the working electrode’s
condition in a full device, it gives insight on its performance and allows fast screening

without the need for cell assembly [2].

Two-electrode setup, commonly referred as full device, consists of a positive and a
negative electrode with active electrode surfaces. The use of same material in both

electrodes result in a symmetric device, while different electrodes result in asymmetric
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devices. A seperator wetted with electrolyte or solid electrolyte acting both as seperator

and ionic conductor is used to seperate electrodes.

Gathering information on one electrode from a symmetric two-electrode setup is
possible since the electrochemical behavior is expected to be same and total
capacitance can be treated as sum of these two capacitances connected in series [2].
However, if an asymmetric cell is used, it is not possible to obtain data on an individual
electrode. Moreover, if a symmetric pseudocapacitive SC cell is fabricated, redox
activities are suppressed and are indistinguishable. Such an example can be seen in
Figure 1.10, where a symmetric full device shows a rectangular cyclic voltammetry

(CV) shape rather than showing any redox peaks.

I/mA

T8 06 04 02 0 0z 04 06
E/V vs Hg/Hg SO,

I/ mA
=3

Voltage / V

Figure 1.10 CV results of (top) three-electrode and (bottom) symmetric full device
using polyaniline(PANI)/MWCNT electrodes [80].
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1.5.2 Cyclic Voltammetry (CV)

CV is a potentiodynamic testing technique that provides kinetic analysis through
scanning with a variable scan rate while providing qualitative and pseudo-quantitive
analysis. It allows the determination of the potential or voltage window of the
fabricated cell. Application of several scans also gives an insight on reversibility and
reaction mechanisms on the surface of the electrode. Again, Figure 1.10 can be an
example for the CV measurements for both three-electrode setup and full device cells
having pseudocapacitive behaviour. Typical EDLC type CV curves can be seen in

Figure 1.11.

“ 1- ideal capacitor
2- capacitor with resistivity
3- capacitor with carbon material
4- influence of redox reactions

1 AU- voltage delay
le- capacitive current

Figure 1.11 Typical CV curves for EDLC type electrochemical supercapacitors [55].

Electrode kinetics can be studied by applying different potential scan rates. If the scan
rate is too fast, electrochemical reactions cannot follow electrode potential change.
Dependence of the reaction kinetics on the scan rate can thus give qualitative and

quantitative data [2].
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One way to calculate specific capacitance from CV measurements is to use total charge
transferred during scanning, Q, in the defined potential range E1 to E> (V). If capacitance

is expressed as C (F) then:

L
|E; — Ei

C =
Charge obtained (Q) through CV scan can also be obtained by integration in which i

(A) represents the measured current:

t(E2)
0 = f i(E)dt
t=O(E1)

Thus, specific capacitance, Csp (F.g ™), can be obtained through the equation below:

t(Ez)

! I fi(E)dt

Cop = —————
P mIEz - El t_O(E )
- 1

where m (g) is the mass of the active material of the working electrode. It is important
to note that theoretically, the specific capacitance obtained from forward and backward

scans in CV measurement must be same [2].

For a symmetric full device, capacitance obtained from CV measurement includes both

electrodes. Total capacitance in this case becomes:

1

Cr

11
C,  Cq

23



, where Cp and Cn represents capacitances of positive and negative electrodes,
respectively. Cr represents the total capacitance of the full device that is calculated
assuming these two capacitances are connected in series. In this case, Cp and Cp are

equal to each other, resulting in a capacitance:

C =2Cr
Thus, the Csp, equation becomes:
t(V2)
C ! j [(V)dt
= ——— [
Pom|V, =1
t=0(V1)

, where V represents the cell voltage and V1 to V2 represents the voltage window of the
cell. It should be noted that in this equation m represents the sum of the masses of two

identical electrodes [2].

1.5.3 Galvanostatic Charge Discharge (GCD)

In galvanostatic charge discharge (GCD) measurements, a constant current is applied
to the cell, while cell voltage is recorded with respect to the charging and discharging
time. It is one of the most reliable electrochemical testing methods for the
determination of capacitance, energy density, power density and cycle stability of the
electrodes or full cell. While GCD can be applied both in three-electrode and two-
electrode setups, making GCD measurements with two-electrode setup gives in more

accurate results especially on the cycle life of the supercapacitor [1,2].
Voltage of the cell can be calculated according to the equation below (if the

electrochemical leakage is negligible, where the resistance to leakage goes infinity)

when charging:
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t
Ve = lceiResr + Icenr C_
T

, Where Vcen is the cell voltage, lcenn is the applied constant current, and Resr is the
equivalent series resistance. Once the charging step is completed, discharging process

starts immediately and voltage of the cell can be calculated as [1,2]:

Vcell = _IcellResr + (Vcell)max - Icell C_
T

A typical GCD curve and related components from above equations is provided in

Figure 1.12.
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Figure 1.12 GCD curve of a symmetric supercapacitor cell with 3.8 mg.cm™ carbon
loading on 4 cm? stainless sheets with 0.0025 A.cm™ current density using a 0.5 M

NaySOq4 electrolyte [81].
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Specific capacitance of the EDLC type of materials can be calculated from the

discharge curve having a constant slope of the GCD curve:

I
AV
LY

Csp =

, where | (A) is the current, AV (V) is the potential or voltage window, At (s) is the

discharge time, and m (g) is the total mass of the active materials.

Discharge slope is not constant for pseudocapacitive materials because of their redox
reactions. In such cases, capacitance of the cell can be calculated using the integral of

the area under the curve to obtain discharge energy, E,

tf(Vmin)
E=1I f V(t)dt

t Vmax)

, where V (V) corresponds to the voltage window after IRgrop. From the discharge

energy, capacitance of the cell can be calculated as:

2E

Cr =

2
Vmax

Here, Cecen correspods to a capacitance that includes mass of two serially connected

identical electrodes. Thus, Csp of an individual electrode can be calculated as [82,83]:

CSp = 4‘CT

Maximum power density Pmax (W.kg™1) and energy density Emax (Wh.kg?) of the

fabricated cell can also be calculated using GCD curves using equations:
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i (Vcell)gnax
4m Resr

Pmax -

Emax = ECT(Vcell)gnax

GCD measurement is especially important for defining the cycle life of the
supercapacitors. Degradation of cell can be monitored using GCD to charge and
discharge the cell over many times to observe the loss of specific capacitance and
increase in ESR. Theoretically, EDLC type SCs can have life cycles up to 100,000.
However, degradation that occurs through charging and discharging cycles lowers both

the energy and power density with time [2].
1.5.4 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) or AC impedance spectroscopy has
been developed for wet chemistry by Oliver Heaviside towards late 19™ centuy.
Nowadays, EIS is employed widely in the research especially on the characterization
of batteries, fuel cells and supercapacitors for its ability to obtain information over an
infinite frequency range by linear electrical perturbation and its experimental efficiency

[84,85].

EIS gathers information through the analysis of electrical characteristics by employing
a very small AC amplitude signals. For SCs, EIS can be applied within a large
frequency range from 0.001 to 3,600,000 Hz, without effecting the characteristic
properties of the electrode. Thus EIS is also defined as a non-destructive

characterization technique.

Impedance is defined within linear systems theory and thus requires four important

boundaries [85]:

1. Linear equations must be used to describe response of the system,
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il. System should relax to its initial state after AC perturbation is removed and
hence the system must be stable,
1il. System must not produce a response before perturbation is applied,

1v. Impedance must be finite.

A linear relation between the current and the voltage exists when the applied AC

perturbation is small enough, while the oscillating frequency is defined as:

w = 2nf
V=2IV)

, where Z is the impedance, V is the voltage and | is the current. V and | can be expressed

in detail as:

V(w) = 6Vexp(jwt)
I(w) = blexp[j(wt + ¢)]

Hence, impedance can be expressed in ohms (€2) as:

)4
Z(w) =

—7 e (—i$)

, where Z(w) is defined as complex impedance. This function with respect to oscillating

frequency can also be defined as:
Z(w) = Zpe + jZim

, where Zgre and Zim are the real and imaginary impedances, respectively. Phase angle

in the function Z(w) can be expressed using Zre and Zim as:

¢ = arctan (2::) ®
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By these definitions, it is possible to linearize the complex electrochemical system and
obtain an analogous electrical circuit that represents the electrochemical cell in hand.
This equivalent circuit allows gathering information on the behaviour of the system
and reaction kinetics [1]. One of the most basic circuit to represent basic
electrochemical reactions, Randles equivalent circuit, and a model that includes both
double layer and pseudocapacitance can be seen in Figure 1.13 (a) and (b), respectively.
In the figures, Rs is equivalent series resistance, which corresponds to the resistance of
the system containing electrolyte and electrode’s resistance, Rct is charge transfer
resistance, W is Warburg diffusion component, or diffusion impedance which is due to
ionic diffusion at the interface, Cqi is capacitance of the double layer, Cps is capacitance
of the pseudocapacitive material, and Rieak is resistance to possible leakage resistance.
Warburg diffusion component in Figure 1.13 (a) is required in the case of fast

adsorption kinetics [86].
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Figure 1.13 Equivalent circuit examples for EIS (a) Randles circuit and (b) circuit that

contains pseudocapacitance in parallel with EDLC.

Nyquist plots, which are Zim vs Zgre, are important to analyze supercapacitors’ behavior.
Typical Nyquist plots for EDLC and pseudocapacitive type of materials can be seen in
Figure 1.14. At high frequencies, charge transfer resistance (Rct) and double layer

capacitance and at low frequencies, mass transport impedance is dominant.
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Figure 1.14 (a) can be represented easily with Rs and Ca, which are related with
equivalent system resistance and charge accumulation at the electrode/electrolyte
interface respectively. In ideal cases, capacitance should be constant over a range of

frequencies; resulting in a vertical Nyquist plot [1].

Figure 1.14 (b), on the other hand, is typical behaviour of a pseudocapacitive material.
Since the energy is stored through faradaic processes, kinetic rate constants which limit
the mass transfer may exist. Of course, in a real case, electrode porosity and
morphology could effect the impedance. Thus, resistances and capacitances are not

constant with respect to frequency [1].
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Figure 1.14 Nyquist plots of (a) ideal EDLC and (b) ideal pseudocapacitor [1]
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1.6 Motivation of This Thesis

As discussed earlier, carbon materials are investigated extensively as SC materials
especially due to their high conductivity and tunable specific surface area and pore
structure. Being one of them, SWNTs offer excellent electrical conductivity and unique

morphology.

Motivation of this thesis is to investigate the integration of physically and chemically
modified SWNTs to the SCs as electrode materials. In Chapter 2, SWNT thin films are
chemically modified through electrodeposition of Co304 to form nanocomposite thin
film electrodes and influence of the SWNTs on the formation of the nanocomposite
and the electrochemical performance of the fabricated nanocomposite thin film
electrodes is investigated. In Chapter 3, binder-free SWNT buckypapers are physically
modified by laser ablation to obtain micro-supercapacitor devices without any need for

interdigitated contacts and their capacitive behavior is investigated.
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CHAPTER 2

COBALT OXIDE NANOFLAKES ON SINGLE WALLED CARBON
NANOTUBE THIN FILMS FOR SUPERCAPACITOR ELECTRODES

2.1 Introduction

ECs, which are also known as SCs, are highly appealing potential energy storage
devices due to their high charge/discharge rates, long cycle life and high power density
[5]. ECs have been known for almost 60 years with patents dating back to 1957 based
on a capacitor utilizing the high surface area of carbon [3.4]. ECs attracted much more
attention in recent years due to slow power delivery and uptake of Li-ion batteries [6].
The main concern in ECs is their low energy density, thus the recent research on
supercapacitors is mainly focused on improving the energy density through the
development of novel electrode active materials which also have high electrical
conductivity, resistance to electrolyte corrosion and wide availability with low cost
[87]. In fact, it is also possible to increase both energy and power density by increasing
the charge accumulation and improving the charge transfer [88] through improving the
electrode architecture using nanostructured materials such as nanowires [89],
nanotubes [90] and nanorods [91]. This minimizes the diffusion length for ions and

electrons [92].

There are two types of ECs based on their charge storage mechanism. First and the
commercialized one is the EDLCs that are based on carbon as active materials and their
charge storage mechanism arises from electrostatic attraction between ions and charged
surfaces. Second is pseudocapacitors, in which charge storage is provided by electron-
transfer mechanisms, namely faradaic reactions at the surface of the active materials
such as transition metal oxides or conducting polymers [32]. RuO> based
supercapacitors were extensively studied and reported to have specific capacitances
above 700 F/g [93]; however, toxicity and high cost limited their widespread

utilization. Instead, cheaper and environmentally friendly materials with similar
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capacitive behavior were encouraged. Being one of them, Co3O4 was extensively
investigated as an alternative material for supercapacitors due to its high
pseudocapacitive properties. Co3O4 can be synthesized via various methods to be used
in supercapacitors, such as electrodeposition [94-97], chemical growth [98-100],
facile co-precipitation [101], rapid-microwave assisted synthesis [102],
electrospinning [103], laser ablation in liquid [104] and hydrothermal synthesis [28,
29]. Moreover, fabricated Co3O4 were used in nanocomposite form, enhancing their
capacitance and improving their structural integrity. Fabrication of Co0304
nanocomposites with nickel foam [75,106,107], graphene [108], carbon nanotubes
[109], copper foil [97], stainless steel foil [96] and ITO films [104] have been reported
in this manner. Last but not least, several morphologies of Co3O4 was investigated with
an intention to obtain better charge storage performance including core-shell structures
[89,107,109], nanowires [75,89,106], nanoflakes [97], nanowalls [110] and
nanoporous [111] structures. Among these morphologies of Co3z04, nanoflakes are the
most promising one due to its large surface area and thin flake morphologies. Yet,
research on the determination of the electrochemical potential of Co304 nanoflakes on

SWNT thin films in organic electrolytes remained elusive.

In this study, we present a novel and an easy route for the fabrication of Co304/SWNT
nanocomposite thin film electrodes on glass substrates. SWNT thin films are used as
the current collectors for EC electrodes instead of conventional metal foils and the use
of organic electrolytes provided a wider potential range in anodic region compared to
the extensively reported window with potassium hydroxide. Structural and
electrochemical characterizations of the nanocomposite thin films are followed by
detailed morphological analysis conducted through transmission electron microscopy

(TEM) in conjunction with galvanostatic charge/discharge cycles.
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2.2  Experimental Section

2.2.1 Materials

SWNTs used in this study was purchased from Carbon Solutions (P3-SWNT) with a
diameter and length of 155 nm and 500 nm, respectively. Sodium
dodecylbenzenesulfonate (SDBS) and cobalt (IT) nitrate hexahydrate (Co(NO3).6H2O,
ACS reagent > 98 %) are obtained from Sigma-Aldrich. Nitrocellulose filter

membranes (GSWP, 0.22 pm pore size) are purchased from Merck Millipore. All

materials are used without further purification.

2.2.2 Preparation of SWNT Thin Films

SWNT thin films are prepared using vacuum filtration and consecutive stamping
method [37, 38]. They are utilized as both current collectors and EDLC on the glass
substrates. For the preparation of thin films 1wt % of SDBS (as dispersant) is dissolved
in 250 mL of DI water (18.3 MQ-cm) using tip sonication for 10 minutes. Afterwards,
1.5 mg of SWNTs are added to the solution and tip sonication is conducted for
additional 10 minutes. 20 mL of the as prepared solution is vacuum filtrated with a rate
of 18 mL/min.cm? onto filter membranes, which corresponds to a SWNT weight of

0.06 mg.cm™

. Deposited SWNT films on filter membranes are rinsed with
deionized water to remove excess SDBS. Glass substrates were cleaned via
sonication in acetone, isopropanol and deionized water for 15 minutes each
followed by an oxygen plasma treatment for 5 minutes (Femto Science CUTE).
SWNT filtrated membranes are placed onto cleaned glass substrates,
compressively loaded (5 N.cm?) and dried for 2 hours at 80 °C.
After drying, filter membranes are dissolved and washed
with acetone to dissolve the membrane, leaving SWNT thin films over

2 on glass substrates. SWNT thin films are further cleaned with

an area of 2 cm
acetone and isopropanol to remove remnants of the membrane and SDBS.

Additional cleaning is conducted by soaking SWNT thin films into 50%
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nitric  acid (HNOs, 65%)  solution, which also improved the
conductivity of SWNT thin films [114]. Films are rinsed with water and dried
following the acid treatment. External contacts are painted using a conductive carbon

paint.

2.2.3 Fabrication of Nanocomposite Thin Film Electrodes

A 0.05 M solution of Co(NO3)2.6H>0 is freshly prepared for electrodeposition using
platinum foil as the counter electrode and Ag/AgCl in saturated KCI solution as the
reference electrode. Gamry Reference 3000 is used as potentiostat/galvanostat system
for the electrodeposition process. Co(OH); is electrodeposited onto SWNT thin films
using CV between a potential range of 0 to -1.2 V for 30 cycles at a scan rate of 20
mV/s. Electrodeposition is conducted at room temperature and the glass substrates are
rinsed with DI water at the end of the electrodeposition. Fabricated Co(OH)2/SWNT
samples are annealed in air at 190 °C to form Co3O04/SWNT nanocomposite electrodes

and used in electrochemical analysis without any further process.

2.2.4 Characterization of the Fabricated Thin Film Electrodes

X-ray photoelectron spectroscopy analysis (XPS) and Raman spectra of bare SWNT
thin films and Co304/SWNT nanocomposite electrodes are collected via PHI 5000
VersaProbe spectrometer and HORIBA Jovin Yvon iHR550 (laser wavelength of 532
nm), respectively. Charge corrections and binding energies of corresponding bonds are
referenced to the C (1s) at 284.5 eV. Morphology and the structure of the thin film
electrodes are characterized by scanning electron microscopy (SEM) using a FEI Nova
Nano SEM 430 microscope (operated at 10 kV). SEM samples are prepared through
gold sputtering prior to the analysis to prevent charging caused by the glass substrate.
Further structural analysis is performed by TEM using a JEOL TEM 2100F microscope
(operated at 200 kV). For the preparation of TEM samples, nanocomposites are scraped

off the substrate, sonicated in ethanol and drop casted onto TEM grids.
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Electrochemical characterization of the electrodes was performed using a Gamry
Reference 3000 potentiostat/galvanostat system in three-electrode configuration under
ambient conditions. Ag/AgCl in saturated KCl and platinum foil are used as the
reference and counter electrodes, respectively. All potentials are relative to the
Ag/AgCl reference electrode. 1 M lithium perchlorate (LiClO4) in propylene carbonate
(PC) is used as the electrolyte solution for electrochemical measurements. CV,
galvanostatic charge-discharge curves (GCD), and potentiostatic electrochemical
impedance spectroscopy (PEIS) methods are used for the analysis of electrochemical
behavior of the fabricated thin films. A Sartorius Research R200D microbalance is used
to measure the mass of the deposited cobalt oxide as the active material, which was

approximately 0.12 mg.cm™ per electrode.

2.3 Results and Discussion

2.3.1 Formation of Nanocomposite Thin Films

Fabrication of Co0304/SWNT thin film electrodes are simply achieved by
electrodeposition of Co(OH), onto vacuum filtrated SWNT thin films via CV within a
potential window of 0 to -1.2 V at a scan rate of 20 mV/s. This is followed by
calcination to obtain C0304. CV curves obtained during the deposition of Co(OH); on
SWNT thin films for 30 cycles are shown in Figure 2.1 (a). Voltammogram gets
narrower as the deposition proceeds, indicating that the amount of Co(OH)> deposited
decreases on each cycle since the surface area of SWNT decreases gradually with
continuous nucleation and growth of Co(OH),, decreasing the number of available

nucleation sites.
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Figure 2.1 (a) CV curves obtained during the deposition of Co(OH)> on SWNT thin
films. Top view SEM images of (b) bare SWNT thin film, (c) Co304/SWNT thin film
and (d) cross-sectional SEM image of C0304/SWNT thin film [115].

Reactions governing the formation of Co(OH); layer is given as [95],

2H,0 + 2e~ > Hy(g) + 20H~ (1)

Co?* + 20H™ - Co(OH), 2)

38



First reaction is associated with the evolution of hydrogen while the latter shows the
formation of Co(OH), with the reaction of Co®" ions and hydroxyl groups formed
during the first step. At the end of 30 cycles, Co(OH)2/SWNT thin films are washed
with DI water and dried at 50 °C under ambient conditions for 1 hour. Dried
Co(OH)2/SWNT thin films are then calcined in air at 190 °C to obtain Co3O4/SWNT

nanocomposite thin films. Calcination reaction can be given by [116]:

3Co(0H); +75 0, = 0304 + 3H,0 3)

2.3.2 Characterization of Nanocomposite Thin Films

Morphology of the fabricated Co304/SWNT nanocomposite thin films on glass
substrates are investigated through top view and cross-sectional SEM images, which
are provided in Figure 2.1 (b)-(d). SEM images reveal the porous nanoflake structure,
which would facilitate ionic transport [19,117]. Cross-sectional SEM image provided
in Figure 2.1 (d) show a uniform thickness of about 1.95 um for the nanocomposites,
demonstrating a uniform growth of Co304 on SWNTs via electrodeposition. TEM
analysis is conducted both for the as prepared and electrochemically cycled (1500 and
3000) thin films in order to monitor the morphological and structural stability of the
Co304 nanoflakes during cycling. d-spacing values (Table 2.1) are calculated from the
selected area electron diffraction (SAED) patterns in TEM images
(Figure 2.2 (c), (f) and (1)) using Gatan Digital Micrograph 3 software. These
experimentally obtained d-spacing values clearly indicate that the obtained oxide is
Co304 (JCPDS card no 42-1467). It is evident from the TEM images that the
electrochemically deposited Co(OH), and progressively obtained Co304 is textured.
SWNTs might be the reason for this texturing, since the number and the orientation of
available nucleation sites for Co3O4 nanoflakes strongly depend on the walls of

SWNTs.
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Table 2.1 Experimentally determined d-spacing values obtained from TEM diffraction

using Gatan Microscopy [115].

Asprepared Co3O4/SWNT

thin film After 1500 cycles After 3000 cycles

No | Plane group d-spacing (A) d-spacing (A) d-spacing (A)

1 {111} 4.76 4.77 4.74

2| {202} 2.92 2.92 2.86

3 | {113} 2.47 2.46 2.43

4 | {222} 2.38 Not observed Not observed

5 | {004} 2.06 2.07 2.02

6 | {224} 1.68 1.69 Not observed

7 | {333} 1.58 1.57 1.55

8 | {044} 1.45 1.45 1.43
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Figure 2.2 TEM images of prepared, galvanostatically 1500 times and 3000 times
charged and discharged Co304/SWNT nanocomposite thin film electrodes at (a), (d),
(g) low magnification, (b), (e), (h) high magnification and (c), (f), (i) corresponding
SAED pattern with identified planes, respectively [115].

41



For detailed chemical analysis of the fabricated electrodes, XPS analysis was
conducted and results of which are provided in Figure 2.3 (a)-(c). Figure 2.3 (a) shows
the XPS survey of Coz04/SWNT nanocomposite thin film and bare SWNT thin films
in which position correction was done with respect to C 1s peak. According to
Figure 2.3 (a), Co304/SWNT nanocomposite have signals at 779.6 — 794.5, 529.6 and
284.5 eV, which were attributed to the Co 2p, O 1s, and C 1s signals. As shown in the
Figure 2.3 (b), spin orbit peaks in the high resolution XPS spectrum for Co 2p3» and
Co 2pi2 are observed at 779.6 and 794.5 eV, respectively, which are found to be in
good agreement with the previous studies [118]. Absence of the satellite peaks caused
by the mixed state of oxides confirmed the total transformation to Co03O4 upon
annealing [119]. Figure 2.3 (c) shows the high resolution XPS spectrum of O 1s, which
corresponds to O ions in the crystal structure of Co3O4 [118]. Moreover, atomic
percentages of C, Co and O were obtained from XPS survey as 15.5, 37.0 and 47.6%,
respectively. Atomic percentages of Co and O also matches with the atomic structure

of Co304, further confirming that the obtained structure is Co3O4 [115].

To further investigate the chemical nature of the Co304/SWNT nanocomposite films,
Raman spectroscopy was conducted. Figure 2.3 (d) shows the Raman spectrum of both
bare SWNT thin film and Co3O4/SWNT nanocomposite film within the spectral range
of 300 — 1700 cm™'. Absence of the D-band and high intensity of the G-band suggests
the high crystallinity of SWNTs as well as showing that there are no defective SWNTs
present within thin films. As expected, porous nature of supposedly absorbing Co304
nanoflakes allowed the observation of G-band of SWNTs even though, as evidenced
by SEM, Co304 nanoflakes totally cover SWNT films. Peaks at 482, 523, 620 and 689
cm’! are attributed to crystalline Co3Os, namely to Eg Fl2g, F%, and Az modes,

respectively [120].
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Figure 2.3 (a) XPS survey spectrum of bare SWNT thin film and Co3O4/SWNT
nanocomposite thin film. High resolution XPS spectrum of Co304/SWNT thin film

showing (b) Co 2p and (c) O 1s spin orbits. (d) Raman spectra of bare SWNT thin film
and Co304/SWNT nanocomposite film [115].
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2.3.3 Electrochemical Characterization

CV is used to evaluate the electrochemical performance of the fabricated
supercapacitor electrodes. CV characteristics of bare SWNT and Co304/SWNT
nanocomposites within a potential window of 0 — 1.2 V are provided in Figure 2.4 (a).
SWNT has dual character and it is utilized as both current collector and an electric
double layer capacitor. Figure 2.4 (a) shows evident improvement in the charge storage
performance by the presence of Co3O4 on SWNT thin films. This also shows that the
SWNT has a limited contribution to charge storage and Co3O4 nanoflakes mainly
supply charge storage. The potential window is particularly chosen and beyond 1.2 V,
anon-reversible reaction occurs, preventing wider potentials in anodic region. We have
also investigated negative potentials; however, since the Co3Os is an anodic
electroactive material, results obtained only in a potential window of 0 to 1.2V is
reported here. Furthermore, different number of deposition cycles (10, 20, 30 and 40
cycles) of Co304 was also applied to obtain samples with different thicknesses.
Comparison of the CV results and charge-discharge curves can be seen in Figure 2.5
(a) and (b), respectively. While there is evident improvement in the charge storage
capacity up to 30 cycle of deposition, performance stays constant in the nanocomposite
with the next 10 cycles of deposition (40 cycles in total). This is probably because of
the deceleration of Co(OH); electrodeposition during the last 10 cycles and it did not
change the amount of deposited active material seriously. Moreover, large number of
deposition cycle may result in the blockade of pores and it may limit the diffusion of
electrolyte ions to inner sides of the nanocomposite electrodes. Herein only the
Co304/SWNT nanocomposite electrodes with best performance is elaborated, which
corresponds to 30 deposition cycles. Electrochemical performance of the
nanocomposite electrodes prior to annealing is provided both in terms of CV and GCD
in Figure 2.6 (a) and (b), respectively. Although electrodeposited Co(OH)> shows
enhanced capacitive performance compared to bare SWNTs, annealing and conversion

to Co304 improved the performance approximately by 10 times [115].
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Figure 2.4 (a) CV results of bare SWNT thin film and C0o304/SWNT nanocomposite
at a scan rate of 1 mV/s in 1M LiClOg4 in PC electrolyte solution and (b) CV curves of
Co304/SWNT nanocomposite electrode at different scan rates [115].
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Figure 2.5 Electrochemical comparison of Co304/SWNT nanocomposite electrodes
with different amount of deposited cobalt oxide by applying varying number of cycles
during electrodeposition. (a) CV curves at a scan rate of 1 mV/s and (b) GCD results

at a current density of 125 pA.cm™ [115].
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Figure 2.6 (a) CV curves of bare SWNT, Co(OH)2/SWNT and Co03O04s/SWNT
electrodes at 1 mV/s scan rate and (b) GCD curves of SWNT, Co(OH)2/SWNT and
Co0304/SWNT electrodes at a current density of 125 pA.cm? [115].

CV measurements of the fabricated Co3z04/SWNT nanocomposite electrodes were also
conducted with different scan rates. Figure 2.4 (b) shows CV curves of Co304/SWNT
nanocomposites with scan rates ranging from 1 to 50 mV/s. It is seen in the figure that
the nanocomposite electrodes preserved their curve shapes at higher scan rates. This

showed that the fabricated electrodes have good rate capability.

Specific capacitance values of the prepared nanocomposite electrodes are calculated

using the CV curves in the Figure 2.4 (b) according to the following formula:

Cop = f(i(E)dE/ZV(EZ -~ El)m) ()

,where Csp is the gravimetric capacitance (F.g™"), i(E) is the instantaneous current (A),
[i(E)dE is the total charge obtained from the integral of voltammogram, (E-E1) is

the potential window width (V) and m is the mass of the active material (g). Calculated
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specific capacitances for, the Co3O4/SWNT nanocomposite electrodes are 313.9,
181.7, 160.4, 124.2 and 89.1 F.g’! for the scan rates of 1, 5, 10, 20 and 50 mV/s,
respectively [115]. Ionic migration in the electrolyte is diffusion limited, resulting in a
decrease in the specific capacitance at higher scan rates [104]. Areal capacitance values

of the electrodes are also calculated using the following formula:

Cop=J (i(E)dE/ 2 (E, - E)a) ©

, where A is the area of the fabricated thin film electrodes on the glass substrate (in
cm?). Prepared circular thin films had an area of 2 cm?. The areal capacitances of the
electrodes were 70.5, 40.8, 36.0, 27.9 and 20.0 mF.cm™ for scan rates of 1, 5, 10, 20
and 50 mV/s, respectively [115]. Absence of the distinct redox peaks in CV curves
indicates that the obtained porous nanoflake structure allow Li" storage only on the

surface of the nanocomposite, resulting in a ideal capacitor like behaviour [12].

Specific capacitance changes with respect to scan rates are provided in Figure 2.7 both
for gravimetric and areal capacitances. Specific capacitance values decreased with
increasing scan rates due to the diffusion limited charge storage mechanism, which is
even more drastic in organic electrolytes since their ionic conductivities are much

lower than the aqueous counterparts [77].
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Figure 2.7 Specific capacitances of Co3O4/SWNT nanocomposite electrodes with

respect to scan rates. Lines are included for visual aid [115].

Figure 2.8 (a) shows the GCD of bare SWNT thin films and Co304/SWNT
nanocomposite electrodes measured at a current density of 50 pA.cm™. It is clearly
seen in the figure that the Co304/SWNT nanocomposite electrodes have longer charge-
discharge times than the bare SWNT electrodes with an improved charge storage
property. Similar to CV measurements, deposition of Co304 nanoflakes extensively
improved GCD curves with their pseudocapacitive properties. This indicates that the
Co304 have a superior pseudocapacitive property. GCD measurements for
Co304/SWNT nanocomposite electrodes were also conducted with different current
densities ranging from 50 pA.cm™ to 500 pA.cm™ and it is provided in the Figure 2.8
(b). Fabricated nanocomposite electrodes have a very limited initial internal resistance
drop and it might be due to the high conductivity of the SWNT films and the improved
charge transfer between the Co30O4 nanoflakes and the SWNT thin films. It is also
observed that the discharge profiles are affected with the applied current density. As
such, decreasing the applied current density greatly enhanced the coulombic
efficiencies. For current densities of 500, 250, 100, and 50 pA.cm™, coulombic

efficiencies are calculated as 73, 78, 80 and 89%, respectively [115]. This shows that
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Co304/SWNT  nanocomposite electrodes have excellent charge/discharge

performances at low current densities.
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Figure 2.8 (a) Comparison of GCD performances of bare SWNT films and
Co304/SWNT nanocomposite electrodes at a current density of 50 pA/cm™ and (b)

Co304/SWNT nanocomposite electrodes at different current densities [115].

Electrochemical behavior of the Co304/SWNT nanocomposite electrodes are further
evaluated by EIS within a frequency range of 100 kHz to 0.01 Hz. For the EIS
measurements, an AC perturbation of 5 mV is used under different DC potentials.
Co304/SWNT nanocomposite electrodes are compared under different DC potentials
of 0 V (open circuit), 400 and 800 mV and the corresponding EIS plot is provided in
Figure 2.9 (a). Since Co304 is an anodically electroactive material, with an increase in
the applied positive bias, equivalent resistance of the system is decreased due to a
decrease in the charge transfer resistance. This can be clearly seen in the provided
Nyquist plot. While the open circuit model is highly diffusion limited in the low
frequency region, applied bias increases the diffusion rate, which increase the slope of
the straight line, showing an ideal supercapacitive behavior. Figure 2.9 (b) shows the
Nyquist plot of the prepared Co3;O0s/SWNT nanocomposite electrode with the

respective equivalent circuit. Fabricated nanocomposite electrodes have a porous
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structure and it needs a complex circuit model to fit the obtained data. EIS model is
used to determine different electrode parameters (Figure 2.9 (b)), such as equivalent
series resistance (Req), charge transfer resistance (Rct), mass capacitance (Cmass),
Warburg element (Wq), resistance to leak (Rieak) and capacitance of the electrode (Ccap)
at an applied bias of 800 mV. Req of the system is determined as 54 Q, while Rt is 26
Q [115]. Both resistances are mainly due to use of an organic electrolyte. The distorted
semicircle within the high frequency region is a result of these relatively high Req and

Rct.
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Figure 2.9 (a) EIS spectra of Co304/SWNT thin films at different applied DC potentials
and (b) EIS spectrum of C0304/SWNT thin films and its related circuit model (Req:
equivalent resistance of the system, R charge transfer resistance, Rieak: leakage
resistance, Wq: Warburg element, Cmass: capacitance related with mass, and Ceap:

capacitance of the thin film) [115].

As another important electrochemical performance parameter, capacity retention of the
Co304/SWNT nanocomposites is also determined with constant charge-discharge
cycles. A current density of 1 mA.cm™ is applied for both charge and discharge cycles
in order to observe the cycling performance of the electrodes for 3000 cycles, results
of which are provided in Figure 2.10. Coulombic efficiencies of the fabricated thin film
electrodes are also plotted within the same figure. A high capacity retention of 80% is

obtained after 3000 cycles. A coulombic efficiency of more than 95% indicated the
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supercapacitive behavior throughout the GCD cycles. It is also noteworthy that the
initial drop in capacity is more drastic in the first 1500 cycles, while the Co304/SWNT
nanocomposite electrodes sustained their charge storage performance in the subsequent
charge discharge cycles. For further clarification of the observed capacity drop,
detailed microstructural analysis is performed via TEM analysis on the samples that
are prepared and galvanostatically charged and discharged for 1500 and 3000 cycles.
Related TEM images for these samples with their selected area diffraction (SAED)
patterns are provided in Figure 2.10. Micrographs at different magnifications for these
samples are provided in Figure 2.2 for the prepared and 1500 and 3000 times cycled
electrodes. Nanoflake morphology is evident from the low resolution TEM images,
where nanocrystalline domains with an average crystallite size of 10 nm become visible
in high resolution images. From the SAED patterns for both 1500 and 3000 times
cycled electrodes, d—spacing values and the corresponding diffraction planes were
identified and were listed in Table 2.1. It is clear that the electrodes are not experiencing
a major structural change upon cycling due to the intercalation/deintercalation of Li"
ions, which can be inferred both from the micrographs and the resulting d-spacing
values. Thus, the decrease in cyclic performance for the first 1500 cycles is not due to
the morphological changes of the electrodes. It is highly probable that the drop in
capacitance can be through aging of the nanocomposite electrodes due to the use of an

organic electrolyte in ambient conditions [121].

Results obtained from literature regarding cobalt oxide based supercapacitor electrodes
are correlated and can be seen in Table 2.2. While our findings are comparable to some
of those in literature, this work shows the ease of fabrication of low cost Co304/SWNT
nanocomposites, which can be operated at wider potential windows in anodic region

with organic electrolytes showing promising electrochemical performance.

51



100

100 ¢
c

N 80 S
_ %) o
S (@)
- 60 0 m
O 40 2
40 @

20 z

| <<

|| ST - 20 R

0 1000 2000 3000 ~

Cycle Number

Figure 2.10 Capacity retention and coulombic efficiency of of Co304/SWNT
nanocomposite electrodes at current density of 1 mA.cm™ for 3000 cycles and
respective TEM images of as prepared CozO4/SWNT nanocomposite films after 1500
and 3000 cycles [115].
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Table 2.2 Parameters of cobalt oxide based supercapacitors from literature (SCE:

saturated calomel electrode, ITO: Indium tin oxide, PANI: polyaniline, PET:

Polyethylene terephthalate) [115].

Electrode Electrolyte  Voltage or Potential Current  Capacitance Reference
Material Window Density or
Scan Rate
C0304 thin film
on stainless steel 1 M KOH 021005V (vs. 5mV/s 363 Flg [94]
SCE)
substrate
Co304 nanowires -0.4t0 0.6 V (vs. )
on nickel foam 6 M KOH SCE) 5 mA/cm 746 F/g [75]
C0304 thin film
on stainless steel 1 M KOH 0110055 V (vs. 2 Alg 454.7 F/g [96]
Ag/AgCl)
substrate
Graphene
nanosheet/CosOs 6 M KOH 0t0 0.4V (vs. SCE) 10 mV/s 243.2 F/g [102]
C0304
nanobeads-
CNTs-graphene 7.5 M KOH 0tol2V 0.7 Alg 600.19 F/g [39]
nanosheets on
nickel foam
C0304/Co(OH), -0.1t0 0.5V (vs )
on copper foils 1 M KOH Ag/AgCl) 2 mV/s 601 mF/cm [97]
Mesoporous
Co0304 onnickel 1 M KOH 010 0.6V (vs. 1 Alg 880 F/g [76]
Ag/AgCl)
foam
Ultrafine Co304
nanocrystals on ~ H3PO4/PVA -0.35t0 035V 09 A/g 172 F/g [104]
PET/ITO
Co0304/SWNT 1 M LiClOs4 0tol.2 V (vs. .
thin film in PC Ag/AeCl) 1 mV/s 313.9F/g  This work
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2.4 Conclusions

To conclude, Co304/SWNT nanocomposite were fabricated with a simple and cost-
effective solution based route. Pseudocapacitive Co3zO4 nanoflakes were successfully
deposited on the SWNT thin films which are the only current collectors. Co304/SWNT
nanocomposite electrodes are fabricated and proved to be promising for anodic
electrodes for electrochemical storage systems. A specific capacitance of 313.9 F/g at
a scan rate of 1 mV/s is obtained, where a capacity retention up to 80% was attained
after 3000 charge-discharge cycles. The use of electrodeposition method for the
deposition of Co304 nanoflakes onto SWNT thin films provided a 3-dimensional and
porous structure, which is advantageous for electrochemical supercapacitors. While
many different fabrication routes exist, this route enables large-scale fabrication onto
different substrates, which can be even flexible or stretchable, and this work can be

easily extended to various other metal oxide systems.
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CHAPTER 3

MICRO-SUPERCAPACITOR FABRICATION FROM SINGLE-WALLED
CARBON NANOTUBE BUCKYPAPERS BY LASER ABLATION

3.1 Introduction

The requirement for micropower sources and small-scale energy storage units increases
in tandem with the technological trend towards miniaturized and power hungry
electronic devices. While small batteries exists for current technology in
microelectromechanical systems, personal and military wearable technology and
biosensors, their short lifetime and limited power densities hinder further
improvements in aforementioned systems. Supercapacitors offer high power density in
addition to high cycling capability and are offered as a replacement for batteries for
miniaturized electronic devices. Provided that the current supercapacitors are
miniaturized to micron scale, called as microcapacitors or micro-supercapacitors, they

can satisfy micropower demands of the aforementioned devices [122].

There are different designs for micro-supercapacitors that can be related to the device
architecture or fabrication route. Thin film microcapacitors are especially preferred due
to their scalable fabrication route with relatively low cost. However, fabricating thicker
electrodes yield lower specific capacitance due to harder ionic transfer. Thus,
microcapacitors are stacked on each other rather than increasing the mass and thickness
of the thin film microcapacitor. Fabrication methods such as sputtering [123], chemical
vapor deposition [124], inkjet printing [125], electrochemical deposition [126] can be
used to obtain thin film electrodes, which can then be patterned to obtain micro-scale
supercapacitor devices. Moreover, as in supercapacitors, micro-supercapacitors can be
either EDLC type or pseudocapacitive depending on the active material. Typical
electrode active materials utilized in micro-supercapacitors include graphene [127],

graphite oxide [128], CNTs [129], PANI [130], MnO> [131] and Co(OH), [132].
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In this work, micro-supercapacitors were fabricated via laser ablation of binder-free
SWNT buckypapers on glass substrates without any need for interdigitated contacts.
SWNT buckypapers acted as the only current collectors. This route offers a low cost
and scalable fabrication of microcapacitor devices. Capacitive behaviour of SWNT

microcapacitors were investigated through CV, GCD and EIS.

3.2 Literature Review

3.2.1 Design and Fabrication of Micro-supercapacitors

Performance of microcapacitors heavily depend on the design, or “architecture”, of the
cell on top of the properties of the active materials that are used. Considerations
regarding the performance of SCs such as used electrolyte, pore size of electrode
material, ionic conductivity and matching ionic size of the electrolyte with porous
structure are still important in order to obtain good capacitive properties, yet in micro-
scale, architecture of the cell is the deciding factor of resulting capacitance.
Architecture of microcapacitors can be divided into two parts, namely thin film

microcapacitors with interdigital in-plane architecture and 3D architectures.

3.2.1.1 Interdigital In-plane Architecture

First microcapacitors adopted the idea of thin film SC design, where two thin film
electrodes that are generally thinner than 10 um, seperated with a solid electrolyte and
stacked onto each other with current collectors to obtain a SC cell. To obtain a micro-
scale device, this 2D desing is altered to fabricate microelectrodes, or fingers,
interdigitally arranged on a substrate; hence, the name of the design is interdigital in-
plane architecture [122]. Difference between the conventional 2D SC design and

interdigital in-plane architecture can be seen in Figure 3.1.
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. Electrode
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_ Electrolyte

Figure 3.1 Schematics of (a) conventional 2D architecture and (b) interdigital in-plane
architecture. Microelectrodes or finger electrodes forms an interdigital in-plane

architecture of microcapacitors [122].

This design is especially useful for cost-effective mass production, yet the energy and
power density of the cell is limited due to the small footprint of the device. This is
because making thicker electrodes is not an option since electron and ion transport is
affected adversely. However, it is possible to obtain very small finger spacing (or

electrode spacing), decreasing the ion transport resistance. Moreover,

57



electrode/electrolyte interface also exists at the sides of the finger electrodes, resulting
in an increased accessability through the thickness of the thin film. It should be noted
that the areal energy density is still limited due to the small footprint area of the device

[122].

Pech et al. fabricated micro-supercapacitors through inkjet printing [ 133]. In this work,
activated carbon (AC) ink has been deposited through inkjet printing (75 um wide 750
um long and 75 um of interspace between fingers) onto prepared gold current
collectors on oxidized silicon substrate. A representative schematicc and corresponding
CV characteristic of the fabricated devices can be seen in Figure 3.2. 1 M Et4NBF; in
PC electrolyte was used as the electrolyte and an areal capacitance of 2.1 mFcm™ was

obtained at a scan rate of 1 mVs! [133].
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Figure 3.2 (a) Schematic of the fabricated micro-supercapacitor by Pech et al. (b) CV
voltammograms of bare gold current collectors and micro-supercapacitor with AC in

1 M EtsNBF4 in PC electrolyte at a scan rate of 100 mV~! [133].

El-Kady and Kaner [127] reported direct fabrication of interdigitated micro-
supercapacitors with graphene as active material using a DVD burner (Light Scribe).
The fabrication route itself offer a cost-effective method with scalability, simply using
direct-to-disc labelling technology, which is used to create desired shapes onto the
surface of CDs and DVDs. Schematics of the fabrication route can be seen in Figure

3.3. Prepared graphite oxide films were burned using LightScribe DVD with desired

58



shape to obtain graphene circuits via absorption of high intensity light. This simple
scribing method, both reduces the graphite oxide to graphene and patterns the
electrodes at the same time. A volumetric capacitance of 2.35 Fcm™ was obtained at a
current density of 16.8 mAcm™. Results showed that the utilized fabrication route is

promising for the production of micro-supercapacitors [127].

Electrolyte

LightScribe DVD drive

Figure 3.3 (a)-(c) Schematics of the fabrication process of micro-supercapacitors using
direct-to-disc labelling technology. PET sheet was used as substrate for graphite oxide
that is to be scribed by laser inside the drive. (d), (¢) Photos of the fabricated micro-
supercapacitors showing the scalability of this method used by El-Kady et al. [127].

In-situ chemical polymerization [130], chemical vapor deposition [131,132], laser
reduction of graphite oxide [128,134], electrospinning [135], electrostatic spray
deposition followed by photolithography [136] and wet spinning [137] are the other
routes that were used to obtain micro-supercapacitors with an interdigital in-plane

architecture.
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3.2.1.2 Micro-supercapitors with 3D Architecture

Three-dimensional (3D) design for energy storage devices, especially for micro-
batteries, are suggested to maximize the energy and power density. 3D matrix of
electrodes allows one dimensional (1D) transport between the electrodes, increasing

energy density in a small footprint area [138]. Suggested architectures for micro-

batteries are schematically shown in Figure 3.4.

Figure 3.4 Schematics suggested 3D architectures of micro-batteries (a) Cylindrical
cathodes and anodes in arrays. (b) Array of cathodes and anodes on interdigitated
plates. (c¢) Cylindrical anodes coated with thin layer of electrolyte and cathode material
as the matrix. (d) Sponge like solid network coated with a thin layer of electrolyte as

cathode and remaining matrix as the anode material [138].
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Similar architectures to those in Figure 3.4 can also be suggested for the fabrication of
3D micro-supercapacitors. As in micro-batteries, biggest advantage of 3D architecture
would be the decrease of electrolyte ion path in micro-supercapacitors. Since SC
materials are more conductive than battery materials, adopting 3D structure for micro-

supercapacitors is more viable than for micro-batteries [122].

3D architecture for micro-supercapacitors has also been investigated by Beidaghi et al.
[139] where carbon microelectromechanical systems technique (C-MEMS) was used
to fabricate interdigitated carbon micro-electrode arrays (Figure 3.5). Desired
architecture was fabricated using C-MEMS to obtain glassy carbon structures and then
pyrolyzed and converted into carbon. Prepared carbon micro-structure was
electrochemically activated to enhance its capacitive behavior. A specific capacitance
75 mFem™ was obtained for the fabricated micro-supercapacitors at a scan rate of 5

mV/s [139].

a)

Contact pad

Figure 3.5 (a) A schematic of the 3D architecture after carbonization. SEM images of

b) photoresist material and (c) carbonized structure [139].
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Shen et al. [140] used inductively coupled plasma technique to obtain 3D interdigitated
channels, which were then insulated via deposition of silica (SiO2) using plasma
enhanced chemical vapor deposition. This method was followed by the evaporation of
Ti/Au as the current collector layer. Afterwards, slurry of activated carbon formed with
polyvinylidene fluoride (PVDF) and N-methyl-2-pyrrolidone (NMP) was injected to
the channels and solidified to obtain a self supporting micro-supercapacitor. Photos of
fabricated micro-supercapacitor in different stages of fabrication are provided in Figure
3.6. From the fabricated devices a specific capacitance of 98.9 mF.cm™ was obtained
at a current density of 16.67 mA.cm [140]. Although promising cell performance was
obtained, a complicated and costly fabrication process was utilized, which outweigh

the advantages.

E

Figure 3.6 (a) and (b) Photos of the interdigitated channels seperated with silicon walls
on a gold layer. (c) SEM image of the cell after the injection of composite electrode

materials [140].

Apart from the above examples, there are not much different examples of 3D
architecture for micro-supercapacitors, and the route for fabrication generally consists
of MEMS or C-MEMS routes [141-143]. Still, reported capacitance values for 3D

architectures show promising results when their small footprint areas are considered.
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3.2.2 Electrochemical Performance Calculations for Micro-Supercapacitors

Gravimetric capacitance in micrometer-thin electrodes is almost negligible when used
as micro-supercapacitors. Furthermore, total mass of the cell is generally much higher
than the electrode active material, making active material mass negligible [144]. In
such cases, Arthur et al. [145] proposed that the footprint area of the device is the most
important factor for such miniaturized energy storage devices, making areal energy and
power density as the two reliable performance metrics for the characterization of

micro-supercapacitors.

Areal capacitance (mF.cm™) of the cell should be calculated according to the gaps
between the electrodes in addition to the area of the finger electrodes. Furthermore,
stack capacitance should be calculated taking current collector thickness into account

if it exists, and total cell volume should be used for calculations.

Areal capacitance of the cell can be calculated from the CV graphs according to the

formula:

Q
C.., =
P AExA

, where Q is the total charge passed (C), 4E is the voltage window (V), and A is the
area of anode and cathode electrodes including the gaps between the finger electrodes

(cm?).
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3.3 Experimental Section

3.3.1 Materials

SWNTs used in this study with an approximate diameter and length of 1.8 nm and
5 um respectively are obtained from TUBALL. Sodium dodecylbenzenesulfonate
(SDBS) is obtained from Sigma-Aldrich. PTFE membranes (JMWP04700, 5.0 um
pore size) are purchased from Merck Millipore. All materials are used without further

purification.

3.3.2 Preparation of SWNT Buckypapers

SWNT buckypapers on glass substrates are prepared using vacuum filtration method
followed by the consecutive transfer of the filtrated buckypaper to glass substrates. For
the preparation of the buckypapers, 1 gr SDBS is dissolved in 200 mL of isopropanol
using tip sonication for 5 minutes. Afterwards, SWNTs are added (0.5 mg/mL) to the
solution and further tip sonication is conducted for annother 5 minutes to obtain a
homogenous dispersion. 10 mL of the dispersion is vacuum filtrated onto the filter
membrane, which corresponds to 5 mg of SWNTs. After washing several times with
isopropanol and DI water, filtrated SWNT film on the filter membrane is transferred
onto the glass substrates that are cleaned beforehand via sonication in acetone,
1sopropanol and DI water for 15 minutes each followed by an oxygen plasma treatment
for 5 minutes (Femto Science CUTE). Filter membranes are washed using ethanol and
lifted from the glass substrate while they are still wet. Resulting SWNT buckypaper
film on glass substrate was dried at 50 °C for 1 hour. A photo of the resulting
buckypaper is provided in Figure 3.7. Average resistance of the fabricated buckypapers

across the diameter is measured as 8 Q.
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Figure 3.7 A photograph of SWNT buckypaper film on glass substrate.

3.3.3 Fabrication of Buckypaper Micro-Supercapacitor Cell

Two different patterns are fabricated with SWNT buckypapers using EO Technics
Laser Marker (50 pum spot size, 1064 nm wavelength, 30W power output at 100%
power usage). First patterning is a single line seperating the buckypaper into two
electrodes by applying the laser marker at 95% power output at 70 kHz frequency with
10 times sweeping. Second patterning included 24 interdigitated finger electrodes with
12 electrodes for both anode and cathode. Required design is drawn in AutoCAD 2017
software and transferred to the laser marker software. Afterwards, laser marker is
applied at a power output of 95% and frequency of 70 kHz with 40 times sweeping.
After laser ablation, buckypapers are cleaned with acetone and nitrogen in order to
clean the residual carbon on ablated surfaces. Photos of the fabricated micro-
supercapacitor electrodes following patterning can be seen in Figure 3.8. Resistance is
controlled via contacts that are applied prior to patterning using a multimeter after the
ablation to see if anode and cathode is completely seperated. In both samples, the

resistance is found to be approximately 250 kQ following patterning.
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3.3.4 Characterization of the Buckypaper Micro-Supercapacitor Cell

In order to obtain precise dimensions of the finger electrodes and the gap created with
laser ablation, SEM analysis is conducted. SEM images of the micro-supercapacitors
fabricated in this work are provided in Figure 3.9. Gold is sputtered prior to SEM
analysis to prevent charging due to the glass substrate. Width of the finger electrodes
is measured as 874 £+ 1 um from Figure 3.9 (a). The average width of the gap created
by laser ablation is measured as 112 + 12 um using Figure 3.9 (b). It is also possible
to obtain the length of the finger electrodes by substracting the half of the gap as 2.45
cm. The substracted amount can be ignored sice it is very small compared to the initial
design. The morphology of the laser ablated surfaces can be seen from the SEM image
provided in Figure 3.9 (c). Figure shows evident damage of SWNTs due to ablation.
The thickness of the electrode was measured as 13.5 + 1.0 um. from cross-sectional

SEM image provided in Figure 3.9 (d).
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Figure 3.8 Photos of the laser ablated buckypapers with (a) a single line and (b)
interdigitated finger electrodes. (c) AutoCAD 2017 was used for patterning. (d) A
photograph of the micro-supercapacitor cell prepared with TBAPFs:PMMA:PC:ACN

gel electrolyte for electrochemical measurements.
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Figure 3.9 SEM images of a micro-supercapacitor fabricated with interdigitated finger
electrodes using SWNT buckypapers. SEM image shoowing the (a) width of the
electrodes and (b) width of laser ablated surface. (c) High magnification SEM image
of laser ablated surface of SWNT buckypaper film. (d) Cross-sectional SEM image of
one of the finger electrodes showing the thickness of the buckypaper film.
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34 Results and Discussion

3.4.1 Electrochemical Characterization

For electrochemical characterizations, TBAPFs:PMMA:PC:ACN gel electrolyte with
weight percentages of 3:7:20:70 was prepared and dropwise transferred onto the both
single lined and interdigitated finger designed buckypapers dropwise. Then, with the
help of a glass slide, gel electrolyte was spread onto the buckypaper in order to fill all
of the gaps as shown in Figure 3.8 (d). Electrochemical measurements for both designs

were made using CV, GCD and EIS.

Figure 3.10 shows the electrochemical measurements of the single line patterned
buckypaper (Figure 3.8 (a)). Electrochemical testing on this sample was actually done
in order to perceive the importance of intricate patterns to increase the interaction of
electrode/electrolyte interface and decrease the path for the ion conduction. As it can
be seen from the CV results (Figure 3.10 (a)), even though the buckypaper formation
is preserved, the cell shows resistive behavior. Weak capacitive behavior can be further
confirmed through GCD measurements, results of which are provided in Figure 3.10
(b). EIS results also points out that the cell fabricated with single line patterned
buckypaper does not have supercapacitive behavior. Capacitance of the cell was found
as 2 mF at an applied current of 0.5 mA using cyclic charge discharge as shown in

Figure 3.10 (d).

Current values instead of current density is given in both CV and GCD measurements
since the effective capacitive area cannot be deduced for the single line patterned
buckypaper. Using same current values also made electrochemical comparison of
single line patterned buckypaper with buckypaper with interdigidated finger electrodes

possible.
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Figure 3.10 Electrochemical measurements for single line patterned buckypaper. (a)

CV results with different scan rates, (b) GCD with different currents applied, (c) EIS

results between 100 kHz and 0.01 Hz with an AC perturbation of 5 mV and (d) capacity

retention during 1000 cycles with an applied current of 0.5 mA.
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Figure 3.11 shows the electrochemical measurements of the micro-supercapacitor
buckypaper with interdigitated finger electrodes. Unlike the first sample, interdigitated
electrode pattern shows behavior close to an ideal supercapacitor. This can be
confirmed from CV results provided in Figure 3.11 (a). The fabricated micro-
supercapacitor show almost rectangular CV shape at varying scan rates. GCD
measurements under applied currents ranging from 0.1 to 2 mA are also conducted and
the results are shown in Figure 3.11(b). Coulombic efficiencies were calculated as 83%
for 0.1, 0.25 and 0.5 mA currents, 81% for 1 mA and 71 % for 2 mA. Decreased
coulombic efficiency upon an increase in the current from 1 to 2 mA is due to an
increased IR drop and possibly due to diffusion limitations of the gel electrolyte.
Equivalent series resistance of the micro-supercapacitor cell was obtained from
impedance spectra (Figure 3.11 (c)) as 118 Q. High resistance of the fabricated cell is
due to the contacts and gel electrolyte in addition to the lack of a separate current
collector layer between the electrode material and the substrate. SWNT buckypaper is
used as the current collector in this work. It should be noted that the measurements
were also made in open atmosphere, where the gel electrolyte is exposed to air. This
would possibly result in a decrease in the performance of the cell. Even still, fabricated
micro-supercapacitor shows decent supercapacitive behavior at low frequencies unlike
the former sample. Moreover, cyclic charge discharge measurements under an applied
current of 3 mA is conducted and the results can be seen in Figure 3.11 (d). The
capacitance is found as 6.76 mF and dropped only to 6.56 mF after 1000 cycles,

showing an excellent capacity retention of 97%.
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Figure 3.11 Electrochemical measurements for the buckypaper with interdigitated

finger electrodes. (a) CV results with different scan rates, (b) GCD with different

applied currents, (¢) impedance spectroscopy between 100 kHz and 0.01 Hz with 5 mV

AC perturbation and (d) charge discharge profile during 1000 cycles with an applied

current of 3 mA.

CV results, GCD measurements and impedance spectra of both samples are compared

on the same graphs to visualize the importance of design in micro-supercapacitors.

These results are provided in Figure 3.12. For all three measurements, it is clear that

the buckypaper with interdigitated electrodes yields supercapacitive behavior.
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Performance of the buckypaper with interdigitated finger electrodes is also calculated
as described in Chapter 3.2.2. The effective area of the micro-supercapacitor is
calculated from the dimensions obtained from SEM images (Figure 3.9) for 24
electrodes in total and found to be 5.92 cm?. From the CV measurement in Figure 3.11
(a), specific capacitance of the fabricated cell is calculated as 3.50, 3.13, 2.69, 2.26 and
1.81 mF.cm™ for the scan rates of 10, 20, 50, 100, and 200 mV/s, respectively. These
results are highly comparable with the literature [146,147]. This clearly shows that the
simple route investigated herein to fabricate micro-supercapacitors is highly promising

for the fabrication of 3D micro-supercapacitors.

35 Conclusions

Micro-supercapacitors based on binder-free SWNT buckypapers on glass substrates
are fabricated via simple vacuum filtration method followed by laser ablation
technique. Electrochemical performane of the fabricated electrodes were evaluated. An
areal specific capacitance of 3.50 mF.cm™ at a scan rate of 10 mV/s is obtained.
Furthermore, a capacity retention up to 97% is attained at an applied current of 3 mA
after 1000 charge-discharge cycles. Preparation of SWNT buckypapers and the use of
consecutive laser ablation to obtain micro-supercapacitor devices are offered as a
simple and scalable production route resulting in the fabrication of supercapacitors with

promising electrochemical performance.
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CHAPTER 4

CONCLUSIONS AND FUTURE RECOMMENDATIONS

4.1 Conclusions

In this thesis, SWNT thin films were further modified through both chemical and
physical means to obtain SC electrodes. Electrochemical performances of the SWNT

based SC electrodes were investigated and significant conclusions were reached.

In Chapter 2, Co304/SWNT nanocomposite thin film supercapacitor electrodes were
fabricated with a simple and cost-effective approach. Vacuum filtration and
consecutive stamping method was used to fabricate binder-free SWNT thin films on
glass substrates. Then, cobalt hydroxide was electrodeposited onto the surface of the
SWNT thin film via CV within a potential window of 0 to -1.2 V using a scan rate of
20 mV/s with varying deposition cycles. Prepared thin films were oxidized at 190 °C
at open atmosphere to obtain Co3O4/SWNT nanocomposite thin films. Annealed
supercapacitor electrodes were compared and best electrochemical performance was
obtained from the sample with 30 cycles of deposition. Specific capacitance of the
nanocomposite thin film electrode was calculated from CV measurements and found
as 313.9 F/g at a scan rate of 1 mV/s. Capacity retention of the electrode was also
investigated and obtained as to 80% after 3000 charge-discharge cycles. SWNT thin
films were used as the current collectors and allowed the deposition of Co304 in
nanoflake morphology via electrodeposition. Hence, SWNT thin films not only
enhanced electrical conduction through the system; but also provided a porous 3-

dimensional structure within the electrodes.

In Chapter 3, micro-supercapacitors were fabricated utilizing laser ablated SWNT
buckypaper thin films. Vacuum filtraton method was used to fabricate binder-free
SWNT buckypapers, which were transferred onto glass substrates and dried without a
need of adhesive. Prepared SWNT buckypapers were laser ablated in two different

ways to observe the difference in electrochemical performance. A specific capacitance
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of 3.50 mF.cm™ at a scan rate of 10 mV/s was obtained from the SWNT buckypaper
that was laser ablated to form interdigitated finger electrodes. A capacity retention up
to 97% was attained at an applied current of 3 mA following 1000 charge-discharge
cycles. Investigated fabrication route is highly promising and offer much simpler and
scalable route for the fabrication of micro-supercapacitors, compared to those methods

in literature.

4.2 Future Recommendations

This thesis offers simple routes to achieve SC electrodes based on SWNT thin films.
First part of this work shows how SWNT thin films can be used to fabricate
nanocomposite thin film electrodes, while the second part proves that bare SWNT thin
film buckypapers can be used to fabricate a micro-supercapacitor cell. In spite of the
conclusions attained in both parts, future work may extend the scope of this thesis.

Some suggestions for possible research interests are below:

1. SWNT amount on the thin films in Chapter 2 may be increased (which may
require different filters or improved vacuum system) in order to improve ESR

of the electrode.

2. Anelectrochemical cell may be formed from the fabricated nanocomposite thin

film electrodes in Chapter 2 and tested.

3. Parameters including length, width and number of the interdigitated finger
electrodes (obtained by laser ablation of SWNT thin film buckypapers, Chapter
3) may be controlled precisely in order to gain insights into their effect on

electrochemical performance of the fabricated micro-supercapacitor cell.
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4. As in Chapter 2, SWNT thin film buckypapers fabricated in Chapter 3 may be
integrated with pseudocapacitive materials to obtain nanocomposite micro-

supercapacitors.

5. Assuggested before, glass substrates can be replaced with alternative substrates

that offer flexibility or stretchability.
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